All chemicals and solvents were of analytic grade and were bought from commercial sources without further purification. The solutions of anions and metal ions were used as sodium and chloride salts, respectively. UV/visible (UV/Vis) absorption spectra were recorded through UV 1901 spectroscopy (Shanghai Lengguang Technology Co., Ltd., China). The pH measurements This paper reports that changing metal ions (Co 2+ , Ni 2+ , Cu 2+ , or Cd 2+ ) in the 2-(2-thiazolylazo)-p-cresol (TAC)-metal ensemble may generate varied optical responses to anions. The TAC and Ni 2+ ensemble can detect and quantify CN -in a highly sensitive and selective manner. CN -competes for the Ni 2+ present in the ensemble during recognition events, which thereby triggers colorimetric and absorption spectral changes. CN -and S 2-decomposed TAC-Cu 2+ ensemble by forming [Cu(CN)x] n-species and CuS, respectively; however, the discrimination of CN -and S 2-was not achieved. The TAC-Co 2+ ensemble exhibited discriminated interaction with CN -through the absorption channel, but CN -was not quantitatively determined. Although the TAC-Cd 2+ ensemble responded to different anions, it did not recognize each anion selectively. These results demonstrated that metal ions can powerfully modulate anion identification to some extent, which can be an effective strategy to achieve selectivity of certain anions by varying the metal ions in the ensemble.
Introduction
The increasing concern for anion detection has stimulated active investigations as anions are extremely harmful to human health with biological, physical, environmental, and chemical implications. [1] [2] [3] [4] In this regard, scientists across the globe are trying to explore different chemosensors capable of detecting various anions. 5, 6 Although organic molecule-based sensors have been widely exploited, they suffer from very common drawbacks in general, such as time-consuming synthesis and cross-sensitivity to interferents. 7, 8 Recent studies have developed organic-metal ensemble-based chemosensors as an effective approach for anion recognition or sensing because of its operation simplicity, labor efficiency, quick response, high sensitivity, and good selectivity on a target anion. [9] [10] [11] [12] [13] [14] [15] This anion-recognizing ability can be tuned by varying the organic functionality 16 or the metal [17] [18] [19] of ensemble using a rational design. Rational designs of effective chemosensors are of paramount importance to achieve high affinity, selectivity, and sensitivity. Metal ions take part in two distinct processes with two different roles, including (1) following the binding site-signaling subunit approach, in which the metal ion can act as binding site for the anion to form a strong coordinate bond; 6 and (2) following the displacement approach, in which the stability constant of a complex formed by metal-anion affinity is larger than that of the complex of a metal and its organic receptor. [9] [10] [11] [12] [13] [14] Considering the above-mentioned information, we report herein the facile design of 2-(2-thiazolylazo)-p-cresol (TAC)-based metal complexes and the use of such ensembles for the selective and sensitive detection of anions. TAC was selected as the organic chromophore because it possesses multiple metal binding sites, such as nitrogen, sulfur, and oxygen atoms, which facilitate its binding with various metal ions. [20] [21] [22] [23] According to previous studies, some transition metal ions can selectively bind with certain anions; for instance, Zn 2+ complexes can serve as effective sensors for phosphate anions through anion direct binding or anion elicit Zn 2+ sequestering. 24 In terms of the TACZn 2+ ensemble, 20 selective H2PO4 -anion sensing was realized through the elicit Zn 2+ sequestering approach as a result of the formation of an inorganic complex between Zn 2+ and the H2PO4 -anions. Cu 2+ complexes have been widely developed as chemosensors for the detection of CN -and S 2-, and it operates through a displacement mechanism. [9] [10] [11] [12] [13] [14] 25 Sulfide is known to react with copper ions to make a stable CuS form with a low solubility product constant Ksp = 6.3 × 10 -36 of cyanide (3.2 × 10 -20 ). 26 However, designing a Cu 2+ complex-based chemosensor that can simultaneously detect and differentiate sulfide and CN -is highly challenging. [27] [28] [29] [30] [31] [32] [33] To demonstrate the powerful capability of metal ions in constructing effective optical anion detection systems, various metal ions were incorporated into the TAC scaffold because of their specific metal/anion binding characteristics brought about by their metal/anion preferences.
were obtained using a Mettler Toledo S20K pH meter, and all titration experiments were carried out in EtOH-HEPES buffer (1/1, v/v). The effective concentration of TAC was maintained at 2.0 × 10 -5 M. The TAC-metal ensembles for anion sensing were prepared in situ by simply mixing 2.0 equivalent (equiv.) of Co 2+ , Ni 2+ , and Cu 2+ and 5.0 equiv. of Cd 2+ with TAC. Required pH was adjusted using 0.1 M HCl or NaOH solutions. Figure 1 shows the absorption spectral changes of TAC (2.0 × 10 -5 M) induced by alternating metal ions (Co 2+ , Ni 2+ , Cu 2+ , or Cd 2+ ) in EtOH-HEPES buffer (1/1, v/v, pH 7.0). TAC displayed a sharp absorption band centered at 372 nm (π-π* transition of the azo form) and a shoulder absorption band at approximately 425 nm (n-π* transition of the hydrazone form). 20, 34 By increasing the amount of Co 2+ and Ni 2+ , the peak at 372 nm decreased gradually and red-shifted to about 395 nm. The peak at 425 nm was gradually reduced until it disappeared. A new band emerged at 570 and 600 nm, with a well-defined isosbestic point at 490 and 500 nm, respectively. The change in absorbance peak was no longer evident when the concentration of Co 2+ and Ni 2+ was increased to 2.0 equiv. (Figs. 1(a) and 1(b) ). Upon the addition of Cu 2+ to the TAC solution ( Fig. 1(c) ), the absorption bands at 372 and 425 nm gradually decreased, and both absorption peaks disappeared when the concentration of Cu 2+ reached 1.0 equiv. At the same time, two new absorption bands appeared at 410 and 615 nm, and the absorbance was saturated at 2.0 equiv. of Cu 2+ with a clear isosbestic point at 500 nm. Upon the titration of Cd 2+ ( Fig. 1(d) ), a gradual decrease and red shift in absorption at 372 nm, a gradual decrease in absorption at 425 nm, and simultaneous appearance of a new band at 575 nm were observed at an isosbestic point of 490 nm. Moreover, upon the addition of Co , and a 1:1 stoichiometric complexation of TAC with Cu 2+ or Cd 2+ . According to the absorption titration experiments (Fig. 1 (Fig. 2) and UV-Vis spectra (Fig. 3) in EtOH-HEPES buffer (1/1, v/v, pH 7.0).
Results and Discussion

Response of TAC and metal (Co
TAC-Co
2+ ensemble. Among the various anions investigated, the color of the TAC-Co 2+ ensemble changed from violet to green in response to both CN -and NO2 -( Fig. 2(a) ). This significant response from absorption spectral shift resulted in different profiles each for CN -and NO2 -( Fig. 3(a) (Fig. 2(c) ) with a significant change in UV-Vis spectra (Fig. 3(c) ). The absorption bands around 410 and 615 nm disappeared with the appearance of new absorption bands at 372 and 425 nm. The selectivity of the TAC-Cu 2+ ensemble for CN -or S 2-is discussed in the following section. TAC-Cd 2+ ensemble. As shown in Fig. 3(d) , the individual addition of the 15 anions produced different absorption extents and reduced TAC-Cd 2+ at 575 nm. However, discriminating each of the 15 anions from the others by monitoring the changes in color (Fig. 2(d) ) and absorption spectra proved to be difficult.
Selectivity and sensitivity of TAC-metal (Co 2+ , Ni 2+ , and Cu 2+ ) ensembles to anions
The two major prerequisites in the field of chemosensing for effective operational usage of sensors include high sensitivity and selectivity. To verify the usage of TAC-metal (Co 2+ , Ni 2+ , Cu 2+ ) ensembles as chemosensors in detecting anions, the sensitivity and selectivity of these ensembles toward anions were investigated in EtOH-HEPES buffer (1/1, v/v) TAC-Co 2+ ensemble. As described previously, the individual addition of 20.0 equiv. of CN -and NO2 -anions produced different absorption spectral responses (Fig. 3(a) ). As a good sensor, an anti-interference ability is important. Thus, the influences of other potential competitive anions were assayed. The absorption spectra of TAC-Co 2+ /CN -remained almost unchanged in the presence of other anions at 10.0 equiv. (Fig. S7, Supporting Information) , which indicated that the detection of CN -was hardly hampered by the other coexisting anions. The spectral responses of TAC-Co 2+ /NO2 -were also examined to assay the anti-interference ability of NO2 -recognition.
Regrettably, 1.0 equiv. CN -anions showed significant interference (Fig. S8, Supporting Information) .
The addition of 20.0 equiv. of CN -or NO2 -to the TAC-Co 2+ solution resulted in the appearance of red-shifted absorption bands instead of the recovery of the absorption bands of free TAC ( Fig. 3(a) ). There is the possibility that NO2 - (Fig. S10, Supporting Information) . The visual color Fig. 4 . The solution of TAC-Ni 2+ was blue and had two absorption bands at 395 and 600 nm. Upon the addition of CN -, the solution changed from blue to yellow, and the absorption at 600 nm decreased successively. Moreover, the absorption at 395 nm was enhanced gradually and blue-shifted to 372 nm; a new shoulder band appeared at 425 nm, and an isosbestic point appeared at 500 nm. Notably, the changes observed in the color and UV-Vis absorption spectra during the titration of TAC-Ni 2+ ensemble with CN -were exactly the reverse of those observed during the titration of TAC with Ni 2+ (Fig. 1(b) and Fig. S1(b) , Supporting Information).
This suggests a displacement mechanism during the titration of CN -as a result of the strong interaction between CN -and Ni
2+
; [36] [37] [38] thus, TAC was released from the ensemble.
Furthermore, the TAC-Ni 2+ can selectively recognize CNwithout any interference from other anions and ligands. As depicted in Figs. S11 and S12 (Supporting Information), the complex TAC-Ni The plot between the absorbance of the TAC-Ni 2+ ensemble at 600 nm against CN -ion concentrations are shown in Fig. 5 . This plot indicates the linear relation over a wide range of Moreover, its wide detection range makes it possible to meet more requirements in practical applications. The limit of detection (LOD) for CN -is 1.2 × 10 -4 M by the naked eye and 8.1 × 10 -7 M by UV-Vis spectroscopy from the 3s method, demonstrating the high sensitivity of the TAC-Ni 2+ ensemble to CN -. We investigated the effect of pH on TAC-Ni 2+ with and without CN -to confirm the practicability of the TAC-Ni 2+ ensemble for CN -detection (Fig. 6) . The color and UV-Vis spectra of the TAC-Ni 2+ ensemble showed no apparent changes in the pH range from 6.5 to 8.3 regardless of the presence of CN - (Fig. 6) (Figs. 2(c) and 3(c) ). However, the TAC-Cu 2+ ensemble cannot discriminate between the 20.0 equiv. of CN -and S 2-. A very important parameter to evaluate the performance of a chemosensor is selectivity towards the analyte. To demonstrate whether the TAC-Cu 2+ ensemble can selectively recognize CNand S 2-through differential responses, spectrophotometric titrations of CN -and S 2-were performed. As shown in Fig. S13(a) (Supporting Information) , the intensity of an absorption band at 615 nm decreases gradually. A new absorption band and a shoulder peak appear at 372 and 415 nm, respectively, upon the increase of CN -concentration. Contemporarily, the absorption bands at 615 and 415 nm disappeared, and a well-defined isosbestic point emerged at 500 nm during absorption spectral titration. The significant changes of UV-Vis absorption spectra induced by CN -suggest the disruption of the TAC-Cu 2+ ensemble followed by the removal of Cu 2+ by the CN -ions. This resulted in the release of free TAC, which was attributed to the strong interaction between CN -and Cu 2+ . 39 Similar phenomena were noticed in a titration curve obtained with S 2- (Fig. S13(b 
Conclusions
The colorimetric and UV-Vis spectral response profiles of the in situ formed TAC-metal complexes with different anions varied significantly in a EtOH-H2O solution (1/1, v/v). In particular, the TAC-Ni 2+ ensemble showed higher sensitivity (the LOD for CN -is 1.2 × 10 -4 M by eye and 8.1 × 10 -7 M by UV-Vis spectra) and better selectivity (no interfering ion exists) than the other ensembles of the TAC-metal (Co 2+ , Cu 2+ , Cd 2+ ) investigated by monitoring changes in the absorption spectra and through naked-eye observation of color changes. Notably, the tuning metal ion in the TAC-metal complex not only distinctly affected its colorimetric and UV-Vis response to anions, but it also determined the types of analytes. We believe that the present system provides useful information for the appropriate modifications of organic-metal ensembles regarding the organic functionality or the metal ion suitable for specific sensing applications.
